Tracking mesoscale ocean features in the Caribbean Sea using Geosat Altimetry by Nystuen, J.A. & Andrade, C.A.
Calhoun: The NPS Institutional Archive
DSpace Repository
Faculty and Researchers Faculty and Researchers' Publications
1993-05-15
Tracking mesoscale ocean features in the
Caribbean Sea using Geosat Altimetry
Nystuen, J.A.; Andrade, C.A.
Wiley
Journal Name: Journal of Geophysical Research; (United States); Journal Volume: 98:C5
http://hdl.handle.net/10945/60992
This publication is a work of the U.S. Government as defined in Title 17, United
States Code, Section 101. Copyright protection is not available for this work in the
United States.
Downloaded from NPS Archive: Calhoun
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 98, NO. C5, PAGES 8389-8394, MAY 15, 1993 
Tracking Mesoscale Ocean Features in the Caribbean Sea 
Using Geosat Altimetry 
JEFFREY A. NYSTUEN AND CARLOS A. ANDRADE 1 
Department of Oceanography, Naval Postgraduate School, Monterey, California 
Geosat Exact Repeat Mission (ERM) altimetry data, collected during 1987-1988 over the Caribbean 
Sea, are used to detect and track the movement of mesoscale sea surface height anomalies. 
Along-track derivatives are used to estimate the mean sea surface height. Contour maps of sea surface 
height (SSH) anomaly are generated for each 17-day exact repeat period. Two anticyclonic features are 
observed during April-July, one each year, with SSH signatures that reached + 30 cm. These features 
initially are observed near the Beata Ridge and propagate westward with an average speed of 15 cm/s. 
No mesoscale anomalies associated with the Caribbean Current are apparent during other seasons. 
The formation of the anticyclones coincides with the seasonal increase to maximum wind stress curl 
and water transport in the central Caribbean. A quasi-permanent cyclonic eddy is detected near the 
southwestern portion of the Colombian Basin, confirming model predictions. 
1. INTRODUCTION 
The Caribbean Sea is a deep, semi-enclosed basin in the 
western North Atlantic Ocean which, using bottom topogra- 
phy, can be divided into several different regions (Figure 1). 
The main feature of the surface circulation is the Caribbean 
Current, which lies along the main east-west axis of the sea 
[Wust, 1963; Gordon, 1967; Roemmich, 1981]. The Carib- 
bean also contains extensive mesoscale features [Kinder et 
al., 1985]. These features have been studied using maps of 
surface dynamic topography [Gordon, 1967], Lagrangian 
drifting buoys [Molinari et al., 1981; Kinder, 1983], and with 
numerical models [Heburn et al., 1982; Thompson et al., 
1992]. Heburn et al. [1982] suggest that the mesoscale 
features are due to intrinsic instabilities of the Caribbean 
Current. Recently, Morrison and Smith [1990] have sug- 
gested that the mesoscale features observed in the eastern 
part of the Caribbean are quasi-permanent circulation fea- 
tures. One feature of particular interest to this study is a 
cyclonic eddy in the southwestern portion of the Colombian 
Basin (Figure 2). This eddy appears persistently, but with 
seasonal variations in intensity, in a global eddy resolving 
circulation model [Semtner and Chervin, 1992] as well as in 
a more regionally specific model [Thompson et al., 1992]. 
The existence of this eddy has been hinted at by Kinder 
[1983] and Wust [1964]. 
The meteorology of the Caribbean region is dominated by 
the seasonal movement of the Intertropical Convergence 
Zone (ITCZ). From November to March the ITCZ is located 
over South America, resulting in relatively uniform strong 
trade winds over the Caribbean region. From July to Sep- 
tember the location of the ITCZ shifts northward to the 
middle of the Caribbean Sea. The regional wind stress curl is 
at its maximum during July and at a minimum in October 
[Morrison and Smith, 1990]. The seasonal wind stress curl is 
positively correlated to the total volume transport through 
the Caribbean. Morrison and Smith [1990] report a maxi- 
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mum transport of 31.1 Sv westward in July and a minimum 
transport of 8.2 Sv westward in October, with a relative 
maximum (18.9 Sv) in January and a relative minimum (14.5 
Sv) in March. 
2. SEA SURFACE HEIGHT ANALYSIS 
Satellite altimetry is now a recognized method by which 
time variable mesoscale ocean dynamics can be studied. The 
data set used in this study is the Geosat Exact Repeat 
Mission (ERM) data collected during 1987-1988 and edited 
by Zlotnicki et al. [1989b]. These data for the Caribbean 
Sea were obtained from the NASA Ocean Data System 
(NODS) at the Jet Propulsion Laboratory (JPL). 
The raw data were corrected for ocean and solid earth 
tides, atmospheric pressure loading (the inverse barometer 
effect), range delays for wet and dry tropospheric content 
using (FNOC) formulae as described by Cheney et al. [1987], 
and ionospheric range delays. The corrected sea surface 
height (SSH) data were then edited by deleting data outside 
the range -14,000 to 10,000 cm, removing spikes from data 
using a series of quadratic fits, and interpolating to a fixed 
geographical grid with a 7-km spacing along the ground 
tracks [Zlotnicki et al., 1989b]. 
The automatic tracking algorithm for the altimeter height 
measurement fails over land. In a restricted area of study 
such as the Caribbean Sea, with many islands and nearby 
continental land masses, many of the SSH data are flagged. 
All flagged data were eliminated, in order to diminish the 
probability of data error. 
The gridded SSH data were objectively analyzed. Anom- 
alous data, isolated points, and short arc segments were 
discarded. The next step was to remove the marine geoid 
contribution to the sea surface height in the altimeter signal. 
Unfortunately, the technique for the removal of the mean 
marine geoid also eliminates the time invariant component of 
geostrophic oceans currents. In this case, the mean Carib- 
bean Current and any other quasi-permanent features are 
removed. This will be a limitation of altimetry until an 
independent marine geoid is available and can be removed 
from the altimeter data independently. 
As is explained by Chelton et al. [1990], because of data 
dropouts, the number of data points at each along-track grid 
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Fig. 1. Geographical description of the Caribbean Sea region [from Molinari et al., 1981]. 
location is variable (especially near land). With the large 
orbit errors (about 3 m standard deviation) characteristic of 
the Geosat data, the statistical reliability of a simple arith- 
metic mean sea level at a specific grid location, x, can be 
very sensitive to the number of repeat samples, N(x). As 
N(x) varies along the track, orbit error contamination re- 
sults in artificial jumps in the mean sea level profile. 
The method suggested by Chelton et al. [1990] to give a 
more reliable estimate of the mean sea level, without the 
irregular along-track jumps inherent to the arithmetic mean 
procedure, was implemented. This method first computes 
the arithmetic mean of along-track differences, 
1 Nm 
t•h(xm) = •mm Z [hn(xm+ 1)- hn(xm)] n=l 
where h is the altimeter height measurement, the indices n 
and m refer to the cycle number and the position along the 
track, respectively, and N m is the number of cycles for 
which height measurements at both X m and Xm+ 1 exist. The 
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Fig. 2. Model results showing mesoscale features in the Caribbean Sea [from Serntner and Chervin, 1992]. Note the 
cyclonic eddy in the southwest part of the Colombian Basin. 
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Fig. 3. Geosat ground tracks over the Caribbean Sea. 
mean sea level can then be obtained by summing (integrat- 
ing) the mean differences along the ground track, 
M 
h(x•u) =h o + • t•h(x m) 
m=l 
The initial value, h 0 (equivalent to establishing a constant of 
integration), is estimated by the arithmetic mean for the grid 
point, Xmax, at which the maximum number of data points for 
each arc segment occurred, 
h(xmax) 
•00 =•(Xmax) -- • t•h(xm) 
h(xo) 
The calculated mean sea level is then removed from each 
orbit at each ground track. 
In the residual SSH data, most of the errors are still due to 
orbit uncertainty. Fortunately, most of the satellite orbit 
errors have very long wavelengths (larger than the length 
scale of the Caribbean basin) and are therefore present as tilt 
(inclination of one pass to another) and bias (offset of one 
pass to another) in the data along an orbital track. This error 
is removed by applying a linear least squares fit to each of 
the orbit segments along the orbit track. This tilt and bias 
removal technique has the added advantage of removing 
residual errors associated with the tidal, atmospheric pres- 
sure loading, tropospheric water vapor, and ionospheric 
range delay corrections provided that these errors have 
length scales larger than the basin scale. Unfortunately, any 
linear trend in the dynamic height topography is also re- 
moved. The resulting SSH data are suitable for observing 
sea level variations associated with temporal varying quasi- 
geostrophic mesoscale surface features. The residual root- 
mean-square range error in the data is estimated to be less 
than 5 cm. This estimate is based on more extensive error 
analyses of the Geosat data by Zlotnicki et al. [1989a], 
showing a global minimum rms error of 4 cm, and Cheney et 
al. [1989], also reporting a residual rms error of 4 cm based 
on a comparison with island tide gauges. Finally, the data 
were smoothed using a running mean average using five 
consecutive points (-•35 km) to remove the small scale 
noise. 
The nature of the Geosat orbit is such that two ascending 
tracks are separated by 1.48 ø of longitude (at the equator) 
and by 3 days in time. As time progresses, tracks are filled in 
an eastward direction. After 17 days, the tracks are re- 
peated. Figure 3 shows the Geosat coverage over the Car- 
ibbean Sea. In an attempt to observe the horizontal spatial 
structure of the SSH anomalies, contour maps of the SSH 
data fields were computed for each 17-day period. If insuf- 
ficient data were available over the Caribbean during a given 
ERM period, the contours lined up along orbit ground 
tracks. When this was detected, the contour field map for the 
period was discarded. Note that data along individual tracks 
during such a period might be available but the contour field 
(of all tracks) was discarded. Only three sets of ERM 
contour sequences were long enough to follow mesoscale 
features over time. The data for each ERM period is the 
middle day of each 17-day ERM period; the contour interval 
is 10 cm. 
3. RESULTS 
When examining the SSH field, one must remember that 
this variability must be superimposed on the mean sea level, 
which was removed by the geoid and tilt and bias correction. 
Wust [1963] and Gordon [1967] have shown that the northern 
Caribbean Sea is dynamically higher than the southern part 
by an average of 20 dynamic centimeters with upwelling near 
the South American coast and convergence in the north. 
Thus the positive and negative values are shown here with 
respect to the mean sea level and do not reflect actual 
dynamic height. This is especially important for the interpre- 
tation of the circulation direction of the mesoscale features 
present in the basin. 
The first sequence is from June 17 to July 21, 1987 (Figure 
4). On June 17 a positive anomaly, marked A, is observed, 
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Fig. 4. SSH anomaly contour map sequence for June 17 to July 21, 1987. 
with a SSH anomaly of +20 cm. Also present is a weak 
negative (cyclonic) anomaly, marked B, in the southwest 
part of the basin. In the next period, July 4, feature A has 
moved to the west about 230 km, implying an average speed 
of 15 cm/s, and has an estimated diameter of 290 km; its 
height anomaly is now more than + 30 cm. Feature A has the 
character of an anticyclonic eddy or meander, in the mean 
Caribbean Current. Its propagation speed is significantly less 
than the typical speeds of Lagrangian drifters (•50 cm/s) in 
the same region [Molinari et al., 1981; Kinder, 1983]. On 
July 21, feature A has moved 170 km further to the west, 
with an apparent speed of 12 cm/s; its relative size is about 
the same but its dynamic anomaly signal has diminished by 
10 cm. Feature B has reappeared in the same position, and 
its dynamic height anomaly is less than -20 cm. This 
cyclonic anomaly matches in position and strength the one 
that appears in the numerical models (Figure 2). Unfortu- 
nately, observations were interrupted at this point because 
of absence of enough data to generate contour maps. 
The next contour map sequence is in April and May 1988 
(Figure $). On April 13, the main feature present is a positive 
anomaly in the center of the basin, marked C. On April 30, 
feature C has doubled its SSH anomaly to more than 20 cm 
and has moved 120 km northwest, a translation rate of 8 
cm/s. On May 17, feature C has the same + 20 cm signal and 
has been displaced 180 km to the west (11 ½m/s). Feature B 
is again present in the same position as it was observed in 
1987. 
Several additional contour maps were available at various 
times during the study period (December 1987, January 
1988, September-November 1988). At these times no signif- 
icant mesoscale features (-+20 cm) were detected along the 
center axis of the Caribbean Sea, although the cyclonic 
eddy, feature B, was periodically detected at the same 
location. 
The behavior of the cyclonic feature in the southwestern 
Colombian Basin was examined using a time series of SSH 
anomalies along a ground track crossing this region (the 
ground track labeled "B" in Figure 3). Figure 6 shows this 
negative SSH anomaly feature at -•12øN at various times 
throughout the data record, suggesting that it is a quasi- 
permanent mesoscale ocean feature. Of course, it is detected 
only because it moves or changes intensity (the geoid 
removal technique removes truly permanent features) and 
Figure 6 shows it only when it is present along this particular 
ground track. 
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Fig. •. SSH anomaly contour map sequence for April 13 to May 17, 1988. 
Finally a contour map of the standard deviation about 
the mean sea level for each gridded point is shown in 
Figure 7. Maximum values were in the region where the 
mesoscale features in Figures 4 and 5 were detected and 
in the southwestern part of the Colombian Basin where 
the quasi-permanent cyclonic eddy was detected. Low 
values of SSH variability are observed in the eastern 
Caribbean, where previous studies have indicated exten- 
sive mesoscale ocean features [Molinari et al., 1981; 
Kinder, 1983]. 
4. DISCUSSION AND CONCLUSIONS 
Both sequences of mesoscale variability (Figures 4 and 5) 
show anticyclonic features lasting at least three ERM peri- 
ods (51 days). These features were initially detected near the 
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Fig. 6. Temporal contour map of SSH anomalies through the southwestern Colombian Basin (along ground track 
labeled "B" in Figure 3). 
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Fig. 7. Contour map of the standard deviation about the mean dynamic topography (sea level variability). 
Beata Rise and travel westward into the Colombian Basin at 
an average speed of 15 cm/s. This speed is significantly 
slower than that of Lagrangian drifters deployed in the same 
region [Molinari et al., 1981; Kinder, 1983], suggesting that 
the features are interacting with the mean Caribbean Current 
rather than being passively advected by it. The numerical 
models [Semtner and Chervin, 1992; Thompson et al., 1992] 
show anticyclonic meanders in this region rather than ed- 
dies. The features appear during the season of the year when 
the ITCZ moves north into the Caribbean. This season 
coincides with the buildup to maximum regional wind stress 
curl and maximum water transport through the Caribbean 
[Morrison and Smith, 1990]. Heburn et al. [1982] suggest 
that mesoscale features are due to intrinsic instabilities of the 
mean current. The detection of such features as the mean 
current is accelerating is consistent with this idea. During 
other seasons, no mesoscale features are evident. 
A cyclonic eddy in the southwestern part of the Colom- 
bian Basin, predicted by the numerical models (Figure 2) 
[Semtner and Chervin, 1992; Thompson et al., 1992], was 
detected frequently during both years of the study. This 
eddy seems to be a quasi-permanent circulation feature of 
the Colombian Basin. In order to have been detected in this 
study, this feature must occasionally change position or 
strength, as any truly permanent feature would be removed 
by the geoid removal technique. For this reason the strength 
of this eddy may be stronger than indicted by this study; i.e., 
the mean amplitude of a permanent eddy at a fixed location 
will be removed by the geoid removal technique. 
No mesoscale anomalies were detected in the eastern part 
of the Caribbean Sea, and yet this region is known to have 
mesoscale circulation features [Molinari et al., 1981; Kinder 
et al., 1985; Morrison and Smith, 1990]. The failure to detect 
any features using these altimeter data supports the sugges- 
tion of Morrison and Smith that the mesoscale circulation 
features in the eastern Caribbean are quasi-permanent fea- 
tures (which are eliminated from the altimeter data by the 
geoid removal technique used). 
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